A sonic boom signature with a long rise time has the ability to reduce the sonic boom, but it does not necessarily minimize the sonic boom at the ground level because of the real atmospheric turbulence. In this study, an effect of the turbulence on a long rise-time pressure signature was experimentally investigated in a ballistic range facility. To compare the effects of the turbulence on the long and short rise-time pressure signatures, a cone-cylinder projectile that simultaneously produces these pressure signatures was designed. The pressure waves interacted with a turbulent field generated by a circular nozzle. The turbulence effects were evaluated using flow diagnostic techniques: high-speed schlieren photography, a point-diffraction interferometer, and a pressure measurement. In spite of the fact that the long and short rise-time pressure signatures simultaneously travel through the turbulent field, the turbulence effects do not give the same contribution to these overpressures. Regarding the long risetime pressure signature, the overpressure fluctuation due to the turbulence interaction is almost uniform, and a standard deviation 1.5 times greater than that of the no-turbulence case is observed. By contrast, a short rise-time pressure signature which passed through the same turbulent field is strongly affected by the turbulence. A standard deviation increases by a factor of 14 because of the turbulence interaction. Additionally, there is a non-correlation between the overpressure fluctuations of the long and short rise-time pressure signatures. These results deduce that the length of the rise time is important to the turbulence effects such as the shock focusing/diffracting.
Introduction
Regarding sonic boom phenomena, the effects due to the real atmosphere are an unavoidable issue.
A typical sonic boom is produced by the shock waves generated from a supersonic transport vehicle traveling faster than sound. The shock waves pass through the real atmosphere and reach ground level, producing a large noise. The development of a supersonic transport vehicle with a low sonic boom level is necessary for reducing this noise [1, 2] ; however, this is not easy to achieve. Sonic boom signatures are affected by atmospheric conditions such as the turbulence, humidity, and temperature [3] [4] [5] [6] . These atmospheric conditions cannot be controlled, and thus, they must be considered for the development of a robust, low sonic boom supersonic transport vehicle. The atmospheric effects must be well understood because these conditions are extremely important for accurately estimating the sonic boom magnitude.
The turbulence inside the atmospheric boundary layer has a significant effect on a normal N-shaped sonic boom signature. After the shock wave passes the real atmospheric turbulent field, the pressure waveforms dramatically change in shape, appearing as a spike, round, or multi-peak [7, 8] . According to flight-test results, the overpressure and the rise time, which are generally defined as sonic boom characteristics, vary randomly because of the turbulence, and a distorted pressure waveform with the double magnitude of the peak pressure level appears infrequently [9] . Additionally, the strong atmospheric turbulence leads to a high probability of these deformed waveforms; the deformation depends on the turbulence intensity. According to a laboratory-scale experiment, in the case of a shockturbulence interaction, the mean overpressure decreases, the mean rise time increases, and the standard deviations increase [10] . The larger standard deviations suggest that the large overpressure and short rise time may occur. Additionally, the turbulence effects are enhanced if a shock wave propagates through a turbulent field over a long distance [11] . The effects of the turbulence on a normal N-shaped sonic boom have been investigated [12] [13] [14] [15] [16] [17] [18] ; however, they are not yet fully understood. Even though their behaviors have been elucidated, the turbulence effects on low sonic boom signatures are incomprehensible because these are special pressure signatures such as a flat-top overpressure and a long rise time.
The low sonic boom signature is achieved by the modification of a near-field pressure waveform, which is useful for sonic boom reduction [19] . A geometric fuselage design determines the shape of the near-field pressure waveform. McLean and Shrout [20] demonstrated the effectiveness of the nearfield pressure-signature modification technique for sonic boom minimization theoretically and by a wind tunnel test. The suitable near-field pressure distribution can be achieved by the modification of an airplane configuration for the sonic boom minimization, and this distribution persists through propagation to the far-field [21] . A blunt-nose configuration yields the minimum far-field overpressure and the minimum impulse at all distances; however, a high drag occurs because of the large shock strength in front of the nose. On the other hand, a flat-shaped sonic boom signature is produced by the adjustment of the airplane configuration and leads to the sonic boom minimization at the near-and mid-fields [20, 22, 23] . However, at a strict far-field, this signature has a higher overpressure magnitude than that of a blunt nose. This modification, which yields the flat-shaped signature, does not necessarily result in a higher drag occurrence. Additionally, it does not require a sufficient length with a slender configuration to obtain the near-field effect. A longer airplane with a slender configuration which is the other design concept yields a finite rise-time signature [20, 22] . This is the most advantageous for the sonic boom minimization because the rise time is an important factor for the human response; a long rise time may eliminate the associated noise [22] . Additionally, the extremely long, slender configuration permits extending the near-field signature to the far-field.
These low sonic boom signatures may not be sufficiently maintained at ground level because of the turbulence although the airplane-design modification technique is effective for sonic boom reduction. This is because the real atmospheric conditions are not considered in the theory used for the modification technique. To prove the sonic boom reduction using the theory, a supersonic vehicle to which the modification technique was applied for generating a flat-top pressure signature performed a flight in the real atmosphere [24] . The flat-top shaped waveform was compared with the N-shaped wave under similar turbulence conditions to evaluate the effectiveness of the theory. Flight-test results [25] indicated that the flat-top waveform persisted in spite of a distorted waveform due to the turbulence interaction; thus, the sonic boom reduction due to the geometric modification was demonstrated. However, the distortion of the flat-top shape was clearly observed [26] . The turbulence effects of the flat-top signature resembled that of the normal N-shaped signature. Although its behavior is not understood yet, the shock wave front might be distorted by the turbulence interaction even though the low sonic boom signature, in the case of the short rise-time pressure signature; i.e., the length of a rise time might relate to the distortion of a shock wave front. This is because the flat-top signature has the short front shock rise time that is observed in the normal N-shaped signature.
Although this problem is not directly addressed to elucidate this mechanism, many studies on the shock-turbulence interaction have been conducted for a short rise-time pressure signature.
Knowledge obtained from these research findings does not necessarily fully contribute the effect of the turbulence on long rise-time pressure signatures. In the general turbulence interaction with the short rise-time pressure signature, the shock wave focusing/diffracting at a shock wave front are caused by the shock wave propagating to various direction resulting from the distortion of the shock wave front [27, 28] . Salze et al. [29] showed a shock propagation distance relates to a transverse shock focusing region and experimentally estimated its shock focal region. Averiyanov et al. [28, 30] showed that an overpressure decrease and the arrival time are governed by the large scale of a velocity fluctuation, and the small scales of a velocity fluctuation mainly cause increasing the rise time. In the typical model experiments [10, 29, 30] , in order to simulate the N-shaped sonic boom propagation in the real atmosphere, the characteristic length scales, such as a wavelength, a turbulent interaction distance, and the geometrical turbulence length scales, were adjusted. A generated N-shaped pressure waveform in the model experiments is categorized as a short rise time signature. Its front shock rise time which is unaffected by the turbulence interaction are less than approximately 3 μs, and it corresponds with a wave duration on the order of less than 1/10; thus, the short shock rise time is in high frequency domain. Wave attenuation, which is important factor for a shock wave propagation, depends on the frequency component which the pressure waveform has [31] . The frequency component of the short rise time does not correspond with that of the long rise time enable us to deduce that the same shock wave focusing/diffracting effects do not necessarily contribute to the long risetime pressure signature. To elucidate the effects of the length of the rise time on the shock-turbulence interaction phenomena, laboratory-scale experiments are effective because the turbulent parameters, such as the turbulence intensity and length scales, can be easily adjusted.
Ballistic range facilities have the ability to simulate the shock-turbulence interaction regarding the long rise-time pressure signature. To investigate the effect of the turbulence on a long rise-time pressure signature, the special pressure signatures must be generated in stationary ambient air. Ballistic range facilities that launch various geometric models can produce a special pressure signature because the near-field pressure waveforms change according to the model geometry; i.e., it is possible to launch a projectile with the near-field pressure waveform modified as a long rise-time signature. Additionally, the turbulent parameters can be controlled in the ballistic range facility because projectiles fly within stationary ambient air. On the other hand, supersonic wind tunnels are inadequate, as it is difficult to control the turbulent parameters because of the supersonic flow within a test section. Moreover, the shock generators, energy deposition by a spark or laser and shock tubes, are not useful for investigating the effects of the turbulence on a special pressure signature because they cannot modify the pressure waveforms. In a previous study, Hall [32] conducted a ballistic range experiment to investigate the effect of the turbulence on an N-shaped wave. The pressure characteristics affected by the turbulence resembled the flight-test results; however, the impinged pressure signature was N-shaped because a bullet-type projectile was used.
A sonic boom signature with a long rise time has the ability to reduce the sonic boom level, but it does not necessarily minimize the sonic boom at the ground level because of the real atmospheric turbulence. It is important to evaluate the robustness of a long rise-time pressure signature, and its behavior propagating trough the turbulence must be investigated. In this study, the turbulence effects on a long rise-time pressure signature were experimentally investigated in a ballistic range facility. The long and short rise-time pressure signatures passed through the same turbulent field, and we compared these turbulence effects. The long and short rise-time pressure signatures were simultaneously produced by launching a cone-cylinder projectile. To evaluate the experimental setup, the turbulence effects on an N-shaped wave were investigated using a cylindrical projectile. The flow diagnostics:
high-speed schlieren photography, a point-diffraction interferometer (PDI), and a pressure measurement were employed to investigate the shock interaction phenomena.
Experimental setup

Ballistic range facility
The experiments were conducted in a ballistic range employing a single-stage powder gun operation mode at the Institute of Fluid Science, Tohoku University. The ballistic range facility possesses the ability to generate various pressure waveforms by launching a projectile, enabling the investigation of the effects of the turbulence on a long rise-time pressure signature. In this facility, three operation modes: two-stage light-gas gun, single-stage powder gun, and single-stage light-gas gun modes, are available to launch a projectile at an arbitrary velocity [33, 34] . In the present experiment, the singlestage powder gun mode, the ability to launch a projectile 15 mm in inner diameter at a velocity up to 2.0 km/s, was employed (Fig. 1) . The ballistic range consists of a propellant chamber, a launch tube 15 mm in inner diameter and 3 m in length, and a recovery tank 1.66 m in inner diameter and 12 m in length. There are three optical window pairs for the flow visualization. The launch tube with a projectile at its tube end is connected to the propellant chamber. A rifle cartridge (Winchester 300) filled with a smokeless powder (HS-7, Hodgdon Powder Co.) is ignited with a detonator (GM210M, Federal Gold Medal Match), and then a smokeless powder (H4350, Hodgdon Powder Co.) is ignited, which results in the acceleration of the projectile due to the high-pressure gas. The amount of the H4350 smokeless powder was adjusted depending on the mass of the projectile in other to launch the projectile at the required velocity. A blast tube 15 mm in inner diameter and 1.6 m in length was connected at the launch tube end, making it effective to attenuate the precursory blast waves driven in front of the projectile. The experimental setup in the recovery tank is illustrated in Fig. 2 . The projectiles flew from the left side to the right side. While the projectiles traveled through the blast tube, a trigger signal was captured as they passed a laser beam for the measurements. The launched projectile was stopped at a catch tank after the pressure and the density fields were measured.
Projectiles
To simulate the sonic boom signature, near-field pressure waveforms generated by the cylindrical and cone-cylinder projectiles in supersonic flight were employed. An N-shaped pressure waveform was produced by the cylindrical projectile that was 15 mm in outer diameter, 70 mm in length, 15 g in mass, and made of polyamide resin (Fig. 3.2 (a) ). This projectile was useful to visualize a distorted shock wave because of the strong density change around it. The cone-cylinder projectile 15 mm in outer diameter and 177 mm in length ( Fig. 3.2 (b) ) simulated a long rise-time pressure signature, which is a low sonic boom, at the especially near-field of the projectile. This projectile 50 g in mass comprised two different materials: polyamide resin and steel. Although the steel part prevents the deformation of the nose by aerodynamic forces, to avoid damage of the launch tube, we did not use the steel material on the surface that was in contact with the launch tube. Figure 4 shows the dimensions of the conecylinder projectile. Carlson et al. [35] defined the angle of the cone, and reported that the shape of the cone produced a near-field pressure waveform with a long rise time. In the present design, the projectile has a second ramp that generates a pressure signature with a short rise time, at the connection part. The cone-cylinder projectile that simultaneously produces the long and short rise-time pressure signatures was used to compare the effects of the turbulence on the long and short rise-time pressure signatures.
A Bridgman seal manufactured at the rear edge of the projectile prevents the leakage of the combustion gas and leads to a high launching repeatability. In the present experiment, the launching projectile velocity was set at a Mach number of 1.4.
Near-field pressure measurement
The pressure waveforms were measured at two locations using a flush-mounted piezoelectric pressure transducer (PCB Piezotronics, Inc. model: 113B28, rise time: ≤1 μs, resolution: 7 Pa, resonant frequency: ≥500 kHz) in each shot. To prevent the mechanical oscillation from affecting the pressure waveforms, the pressure transducer was screwed to a mount holder made of MC nylon. Ukai et al. [36] showed that a pressure transducer must be positioned at a distance from the edge of the flush-mounting plate to avoid the effects of shock diffraction from the edge. Thus, the mount holder was embedded at the center of a steel plate 250 mm × 400 mm × 15 mm (length × width × thickness) in size, which results in an accurate pressure measurement. Two steel plates with the pressure transducer were placed at distances of 1400 and 1700 mm from the blast tube end, and these pressure measurement locations are defined as P1 and P2, respectively (Fig. 2) . The pressure waveforms affected by the turbulence were measured at P1. The pressure transducers were positioned at a height of 140 mm under the flight path, and their angle was adjusted so that the wavefront of the shock wave is in contact with the pressure transducer and the steel plate; i.e., the angle is the same as a Mach angle (Fig. 5) . The pressure signals was recorded using a digital oscilloscope (Yokogawa Electric Corp., model: DL750, resolution:
16 bit) via a low-noise signal conditioner (PCB Piezotronics, Inc. model: 482A22). The sampling rate was set as 10 MS/s in order to accurately measure the pressure waveform.
Turbulence impingement
The pressure wave was passed through a turbulent field generated by a circular jet nozzle 4.5 mm in inner diameter. The end of the jet nozzle was positioned in front of the pressure transducer P1, separated by 45 mm vertically and 110 mm horizontally, and air was blown parallel to the plate surface (Fig. 5) . High-pressure dry air supplied through a pressure regulator and a flexible tube was used as the jet gas. To control the jet velocity, the static pressure at the nozzle end was maintained at 60.0 ± 0.6 kPa. The static pressure was measured using a pressure transducer (Honeywell, HSC Series, pressure range: 0 -100 kPa, measurement error: ± 1% FSS) during the shot. 
Visualization techniques
High-speed schlieren photography and a point-diffraction interferometer (PDI) were employed to visualize a distorted shock wave by impinging the turbulence. The interaction behavior is observable at the pressure measurement position P1: a parallel beam is passed through the optical window pair equipped near the blast tube end. Unsteady flow was successfully visualized using a PDI optical system in a previous study [37] . A pair of parabolic mirrors 300 mm in diameter with a focal length of 2800 mm and a pair of flat mirrors 550 mm in diameter were used. A light was supplied from a continuouswave green laser (Coherent Inc., model: COMPASS 315M-50, wavelength = 532 nm, output power = 50 mW). The laser beam expanded by a concave lens was collimated by the parabolic mirror, and underwent a change in direction owing to the flat mirror. The collimated light passed through the test section via the optical glass windows and was then reflected by the second flat and parabolic mirrors.
The offset angle between the collimated light beam and the light source was the same at the first and second mirrors to prevent coma. To obtain an interference pattern, a small pinhole, installed on a semitransparent plate, was positioned at the laser focal point of the second parabolic mirror. The converging light is diffracted when passing through the pinhole, and it spreads semi-spherically. This diffracted light acts as a reference beam and overlaps with the object beam, forming an interference pattern [38, 39] . A 290 W continuous light source (metal halide lamp LS-M210, Sumita Optical Glass, Inc.) was used in the schlieren-photography mode as a substitute for the green laser, and a horizontally positioned knife edge was replaced with the pinhole plate. Moreover, a diffuser panel, a convex lens, and a pinhole were replaced with the concave lens positioned in front of the green laser source. Visualization images were recorded using a high-speed digital camera (Shimadzu Corp., model: HPV-X, 128 frames at 400 × 250 pixels spatial resolution). A frame rate of 200 kfps with an exposure time of 0.2 μs (PDI mode) and 0.5 μs (schlieren mode) was used.
Results and discussion
Turbulent field
An almost symmetric turbulent field was generated from the circular nozzle although it did not correspond with the characteristics observed under the real atmospheric turbulence. Figures 6 and 7 show the mean nozzle velocity ̅ in the x-y plane and the distribution of the turbulence characteristic / ̅ 110 of the y-component in the x-y plane, respectively. Where, the overline and subscript "110" denote the time average and the velocity at coordinate (x = 110, y = 0, z = 0), respectively. A righthanded coordinate system is employed (Fig. 5) . The turbulence characteristic is defined as the root- The almost ideal turbulent field appeared at off-center from the nozzle axis although the full turbulent field was not able to be developed in the present experimental setup. We evaluated the turbulence spectra on the shock propagation path that reaches to the pressure transducer. Based on the hot-wire measurement data, the one-dimensional spatial energy spectra of the turbulence at coordinates Scaling the spatial and time scale characteristics which appears in the real sonic boom propagation is important for model experiments, and the comparison with the original scale characteristics makes it possible to clearly show the experimental conditions. Based on the hot-wire measurement data, we estimated the spatial length scales. To obtain the outer length scale Lo, the outer time scale at coordinate (110, -20, 0) where the ideal turbulent field appeared was computed using Equation (1).
The quantity τ denotes time interval, and the autocorrelation coefficient ( ) becomes to zero at the position of time interval τ1. The outer length scale was defined as = ̅ estimated using Taylor's hypothesis. The inner length scale Li which is a turbulence parameter was defined as the following Equation (2). 
Turbulence interaction with N-shaped signature
The clearly distorted wavefront of the shock wave arising from the jet turbulence interaction means enabling the investigation of the shock-turbulence interaction in the ballistic range facility. Figure 9 shows continuous schlieren images of the turbulence interaction with the shock waves generated by the cylindrical projectile. A bow shock wave defined as a primary shock occurred in front of the projectile, and then a secondary shock was generated behind the front edge of the projectile. A recompression shock was induced by a wake flow behind the projectile. A sharp primary shock wavefront generated in front of the projectile transformed to a wavy shape while the shock wave interacted with the turbulent field (Fig. 9 (b) ). Its deformation was still retained after it passed the turbulent field, and its wavefront impinged on the pressure transducer. To clearly visualize the shock deformation, a magnified image was captured using the PDI with a high sensitivity ( The secondary shock leads to the pressure recovery from the negative pressure to the ambient pressure.
The recompressed shock has the same capability as the secondary shock. Ideally, when the shock wave propagates in a stationary atmosphere, the pressure waveforms measured at P1 and P2 are identical.
However, the free flight projectile's attitude may have slightly, and its velocity decreases owing to the aerodynamic forces acting on it, which results in a different pressure waveform. Although it is difficult to eliminate these undesired effects, an almost uniform waveform was captured (Fig. 11 (a) ). On the other hand, in the turbulence interaction case (Fig. 11 (b) ), a high overpressure magnitude remained before the pressure rapidly decreased compared with the pressure waveform measured at P2. The waveform measured at the position P1 is related to the PDI images shown in Figs. 10 (h-o) ; the density and pressure fields were simultaneously captured in the same shot. The pressure peak was slightly altered to a round shape although a high magnitude was maintained because the wavefront of the shock wave with several narrow fringes impinged on the pressure transducer.
Turbulence interaction with long rise-time signature
Long and short rise-time pressure signatures were simultaneously produced by the cone-cylinder projectile. The density fields visualized using the PDI around the cone-cylinder projectile are shown in Fig. 12 . The right and left columns show the cases with and without turbulence interaction, respectively. Figure 13 shows the typical long rise-time pressure waveform pairs, each comprising measurements taken at P1 and P2 in the same shot. The measured waveforms were processed by a digital low-pass filter with a cutoff frequency of 350 kHz designed using MATLAB R2013a. A primary shock was generated from the nose of the projectile; however, it was difficult to clearly visualize this owing to the extremely low density change. An isentropic compression wave is generally produced by a conical ramp [47] and increases the pressure with a long rise time. The pressure with a long rise time comprises the pressure field between the primary shock and a primary expansion wave. The primary expansion wave is generated from the end of the conical ramp and induces a pressure drop, and then the pressure rapidly increases because of the secondary shock generated from the ramp of a connection part between the two different materials: polyamide resin and steel. The secondary shock possesses the short rise-time pressure signature. After the pressure is decreased by a secondary expansion wave, a tertiary shock from the Bridgman seal yields a slight pressure increase, and then the decreased pressure due to a tertiary expansion wave increases because of a recompression shock.
The secondary shock with the short rise-time pressure signature was materially distorted compared with that for the long rise-time pressure signature. When the projectile flew in the stationary atmosphere, the sharp wavefronts of the shock remained (Figs. 12 (a-f) ), yielding a good correspondence between the waveforms measured at P1 and P2 (Fig. 13 (a) ). On the other hand, in the case of the shock-turbulence interaction, the wavefront of the secondary shock was distorted by the turbulence (Figs. 12 (j-m) ). A comparison between the waveforms measured at positions P1 and P2
indicates that the overpressure due to the secondary shock was strongly attenuated by the turbulence (Fig. 13 (b) ). Although the turbulence effects are apparent, the pressure waveform in the long rise-time part, the pressure between the primary shock and the primary expansion wave, was not materially distorted compared with the waveform having the short rise time.
Regarding the long rise-time pressure signature, the apparent turbulence effects was not observed under the present experimental conditions. In the ballistic range facility, it was difficult to repeatedly produce exactly the same overpressure magnitude. To eliminate the effects of the variation of the overpressure magnitude between the shots, the relative overpressure was obtained using the pressure waveforms measured at P1 and P2 for the same shot. The flight height was estimated according to the spatial flight trajectory determined by a bullet mark on a target plate. A polyethylene terephthalate sheet was placed at a distance of 2500 mm from the nozzle end for the target plate. A line between the center of the muzzle and the center of the impact scar was considered as the flight trajectory. The difference in the flight height between the measurement positions P1 and P2 was ∆ĥ = 0.8 ± 0.6 mm, and the maximum difference wasΔhmax = 2.0 mm, where the circumflex denotes the ensemble average.
Therefore, the effect of the flight height is not a critical issue regarding the relative overpressures obtained for the same shot. Figure 14 shows the relative overpressures ΔP1s/ΔP2s and ΔP1p/ΔP2p, and Table 2 presents the mean and standard deviation. The suffixes 1 and 2 denote the positions P1 and P2, respectively. The subscripts s and p indicate "secondary shock" and "primary shock," respectively. The abscissa axis shows the number of shots, which is randomly selected. Twenty and seven projectiles were shot in the cases with and without the turbulence interaction, respectively. Since the flight speed of the projectile is slightly decreased generally by the aerodynamic forces acting on the projectile, the overpressure magnitude at P1 becomes larger than that at P2. Thus, the mean relative overpressure magnitudes greater than 1.0 occurred even though they were measured without the turbulence interaction. For the primary shock (Fig. 14 (a) ), the mean and standard deviation hardly changed even though the jet turbulence impinged on the primary shock; the standard deviation increased by a factor of 1.5 in the turbulence interaction case. For the secondary shock (Fig. 14 (b) ), an extremely wide dispersion occurred with the turbulence, and there was a small dispersion without the turbulence. The standard deviation increased by a factor of 14 owing to the turbulence interaction. A comparison of the relative overpressures between the primary and secondary shocks clearly indicates that the relative overpressure of the secondary shock was strongly affected by the turbulence.
The pressure waveform of the long rise-time signature slightly altered by the turbulence interaction although it was not apparent turbulence effects. To evaluate the weak turbulence effects, a subtracted waveform, which is obtained as pressure differential between the waveforms measured at P1 and P2, was computed as psub = p1 -p2. The subtracted waveforms of the typical shotsⅠ,Ⅱ, and Ⅲ are shown in Fig. 15 , and these shot numbers correspond with the symbols shown in Fig. 14. In the case without the turbulence interaction (Fig. 15 (a), shotⅠ) , the subtracted pressure gradually increases at a range of approximately 0.08 -0.18 ms because the flight speed of the projectile slightly decreased. The subtracted pressure decreases at approximately 0.2 ms which the secondary shock wave arrives because the secondary shock arrival time measured at P2 was faster than that measured at P1 resulting from the slight Mach angle increase. In the case with the turbulence interaction (Fig. 15 (b) and (c),
shots Ⅱ and Ⅲ), the subtracted waveform has some large round shapes at a range of approximately 0 to 0.18 ms. It seems that the shock focusing/diffracting induce the round shape. The subtracted pressure is decreased at a range of 0.13 -0.18 ms by the shock focusing/diffracting in spite of the subtracted pressure increase owing to the flight speed decrease. The subtracted pressure decrease at a range of 0.13 -0.18 ms, corresponds with the relative overpressure of the primary shock decrease (Fig. 14 (a) , shots Ⅱ and Ⅲ), and the relative overpressures are almost 1.0.
Although the shock focusing/diffracting occurred during the shock wave propagation within the present turbulent field, these effects did not give the same contribution to the short and long rise-time pressure waveforms. In the laboratory-scale experiments which simulate the N-shaped waveform, a front and tail shock waves have the same waveform deformed by turbulent effects [10, 30] . It seems that the front and tail shock waves receive the same shock focusing/diffracting effects. This is because the wave duration time is in the order of 10 μs, and the vortexes cannot move during the wave duration time. In the present experiment, time differential of the pressure peaks between the primary and secondary shocks was approximately 20 μs which is the same as the wave duration time of the laboratory-scale experiments in the order of magnitude. Moreover, the time differential is shorter than the outer time scale of the velocity fluctuation at coordinate (x = 110, y = 0, z = 0). In spite of the short time differential, the shock focusing/diffracting effects did not give the same contribution to the overpressures of the primary and secondary shocks. To evaluate the relation of the turbulence effect between the relative overpressures of the primary and secondary shocks, the spearman rank correlation rs was computed using Equation (4), and rs = 0.3 which indicates the non-correlation was obtained.
where, di denotes subtraction of rank between the relative overpressures of the primary and secondary shocks. n = 20 is the number of the shot pair. This non-correlation corresponds to the subtracted pressure waveform shown in Fig. 15 . In the shot Ⅱ (Fig. 15 (b) ), the subtracted pressure of the secondary shock increased at approximately 0.2 ms; however, the subtracted pressure of the primary shock at approximately 0.18 ms decreased compared to that in the case without the turbulence interaction; i.e., the shock focusing/diffracting gave the different contribution to the primary and secondary overpressures. However, the long rise time pressure waveform receives the same contribution from the shock focusing/diffracting because the characteristic of the subtracted waveforms persists at a region of 0 to 0.18 ms. On the other hand, in the shot Ⅲ (Figs. 14 and 15(c) ), both of the subtracted pressures at approximately 0.18 and 0.2 ms decreased compared to that in the case without the turbulence interaction. Note that the subtracted pressure of the secondary shock drops after the subtracted pressure increases because the secondary shock arrival time was changed by the turbulence interaction. Therefore, the shock focusing/diffracting effects did not give the same contribution to the primary and secondary overpressures in spite of the shock wave propagation within the same turbulent field. The shock focusing/diffracting generated in the present turbulent field leads to the deformation of the pressure waveform, and the deformed waveforms of the primary and secondary shocks appeared. However, the contribution of the shock focusing/diffracting effects is different. The primary and secondary shocks have the long and short shock front rise times, respectively. It seems that the shock focusing/diffracting effects depend on the length of the rise time.
Conclusion
An effect of turbulence interaction on a long rise-time pressure signature was experimentally investigated in a ballistic range facility. To compare the effects of the turbulence on the long and short rise-time pressure signatures, a cone-cylinder projectile that simultaneously produces these pressure signatures was designed. Additionally, to evaluate the experimental setup in the ballistic range facility, the turbulence effects on an N-shaped wave were investigated using a cylindrical projectile that yields the strong density change around it; thus, it is easy to clearly visualize a shock deformation. The turbulence effects were evaluated using flow diagnostic techniques: high-speed schlieren photography, a PDI, and a pressure measurement.
The shock-turbulence interaction can be investigated in the present experimental setup. The effect of the turbulence on the normal N-shaped pressure waveform was observed as the wavefront of its shock wave was distorted when the shock wave passed through the turbulent field. The interference fringes oscillated irregularly because of the turbulence interaction, and the several narrow fringes yielded a pressure peak with a slight round shape although high magnitude was maintained.
although it was not apparent turbulence effects. The measured pressure waveform exhibited long and short rise-time signatures were used to compare the effects of the turbulence on them. To eliminate the effects of the variation of the overpressure magnitude between the shots, the relative overpressure was obtained using the pressure waveforms measured at two positions in the same shot. For the long risetime pressure signature, the relative overpressure was almost uniform, and its standard deviation 1.5
times greater than that of the no-turbulence case was observed. By contrast, the relative overpressure regarding the short rise time was widely dispersed; the standard deviation increased by a factor of 14 because of the turbulence interaction. Although the strong turbulence effects was not observed in comparison with that of the short rise-time pressure signature, the shock focusing/diffracting, which occurs in the present turbulent field, affected the long and short rise-time pressure signatures. However, the shock focusing/diffracting effects did not give the same contribution to the overpressures of the long and short rise-time signatures. Therefore, this result deduces that the length of the rise time is important to the shock focusing/diffracting effects. Fig. 1 Schematic of the ballistic range in the single-stage powder gun operation mode at the Institute of Fluid Science, Tohoku University Table 1 Comparison of the spatial length scales with the sonic boom propagation in the real atmosphere 
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